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The Importance of Virus Discovery {#sec1}
=================================

Novel viruses are important causes of emerging infectious diseases, as illustrated by multinational outbreaks of severe respiratory illness due to two novel coronaviruses in recent times: severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus. Such outbreaks entail considerable public health concern, requiring investigators to discover the infectious agent in a timely manner by efficiently using virus diagnostic tools.

Even outside outbreak settings, many clinical syndromes encountered by clinicians on a daily basis, such as coryza, pneumonia, diarrhea, meningoencephalitis, hepatitis, epididymo-orchitis, and sialadenitis, have no identifiable infectious etiology, raising the possibility of infections by as-yet undiscovered pathogens. At the present time, \>200 viruses are known to cause human disease; extrapolation of recent trends anticipates that pathogenic virus discovery is likely to continue unabated in the near future.[@bib1] Given the importance of microbial stimuli in determining short- and long-term immunological stimulation, it is conceivable that some of these undiscovered viruses might even contribute to autoimmune, degenerative, and neoplastic conditions of currently unknown etiology.[@bib2] Novel viruses may also play a role in the etiology of common bacterial infections by impairing local and systemic immune mechanisms---a phenomenon that is frequently noted in viral infections, such as measles.[@bib3]

The importance of discovering viruses that play an etiological role in infectious disease outbreaks and clinical syndromes transcends academic interest. If direct causality between the novel virus and the disease syndrome is established by clinical associations and animal models, then further study of the novel virus is indicated for defining specific diagnostic, therapeutic, and preventative measures. This was illustrated by the discovery of the SARS-CoV, which paved the way to an understanding of the origins of the outbreak, specific control measures, diagnostics, and therapeutic initiatives. Discovery of novel viruses may also carry important implications for blood product, organ transplant, bioterrorism, and laboratory safety. Furthermore, the experience with smallpox has shown that viruses and the diseases they cause may be eradicated by global health initiatives. Therefore, rigorous investigation for novel viral agents is of considerable importance to human health.

The Steps in Virus Discovery {#sec2}
============================

Case Identification and Selection {#sec2.1}
---------------------------------

The process of virus discovery begins with case selection (namely, the identification of a patient or a group of patients with distinctive clinical features that could represent infection by a novel virus in a population with little herd immunity) ([Figure 1](#fig1){ref-type="fig"} ). Such distinctive features may include unusually severe clinical presentations, an increased incidence of the disease syndrome above the baseline, uncommonly seen radiological features, and/or idiosyncratic laboratory test results. Patients may report unusual dietary, environmental, zoonotic, sexual, or travel-related exposures that alert the clinician to the possibility of a rare or new pathogen. The emerging novel virus may also manifest as an outbreak of illness with no identifiable microbial cause. A thorough history, physical examination, and basic laboratory results will enable the formulation of a precise case definition, and facilitate case finding and outbreak investigation. Looking for potentially affected cases among close contacts (household, occupational, nosocomial, and sexual contacts) must always be considered because it provides evidence for transmissibility of the disease, indicating an infectious etiology. In addition to infectious disease syndromes, viruses play a direct carcinogenic role in many neoplasias; infectious etiologies should be considered in neoplasias occurring in immunocompromised patients[@bib4] (eg, HIV-positive or post-organ transplant patients) or in defined geographical areas.Figure 1Algorithm for novel virus discovery.

### Scenario 1: Discovery of SARS-CoV {#sec2.1.1}

In 2002, rumors of an outbreak of fatal pneumonia of unknown cause were reported in southern China by the mass media and later confirmed by government officials. Affected individuals were often linked in time and nosocomial transmission chains, with some early cases reporting an occupational exposure to wild caged animals in markets and restaurants. Case definitions and outbreak information widely disseminated over the World Wide Web enabled the efficient identification of SARS patients by health care workers. Research efforts culminated in the cell culture isolation (discussed in detail later) of the novel SARS-CoV from two such patients presenting with severe pneumonia.[@bib5]

### Scenario 2: Discovery of Hepatitis E Virus {#sec2.1.2}

A major epidemic of waterborne icteric illness occurred in the Kashmir valley of India from 1978 to 1979. In a resource-poor setting with minimal access to serological confirmation, the epidemic was initially attributed to hepatitis A. However, the unusual severity of the illness in pregnant women, a feature not associated with hepatitis A infection, prompted investigators to perform extensive clinical and serological surveillance of affected patients. This led to the recognition that patients in the epidemic did not have any serological evidence of recent hepatitis A infection. Case definitions and clinical description of the novel non-A, non-B hepatitis entity enabled the recognition of similar patients globally, leading to the discovery of the hepatitis E virus from the stool of a human volunteer (discussed in detail later) through immunoelectron microscopy.[@bib6]

Specimen Collection and Processing {#sec2.2}
----------------------------------

Careful specimen collection from patients suspected to harbor novel viruses is crucial to their successful recovery. Clinical specimens must be of good quality and obtained serially throughout the course of illness to capture the novel virus at the time of peak viral load. Viral load dynamics vary, but in general, specimens that are collected early in the course of the illness just before the illness nadir are likely to contain a high viral load. The clinical syndrome often dictates the sites of specimen collection. For example, lower respiratory tract specimens are particularly valuable in patients presenting with pneumonia. However, specimen collection must not be limited to these sites alone because the detection of the novel virus at body sites distant from the focus of infection may illustrate important points regarding tissue tropism and routes of transmission of the new virus, as was illustrated by the high fecal viral loads of SARS-CoV. In general, respiratory tract aspirates, throat swabs, urine, feces, buffy coat, plasma, tissue biopsy specimens, vesicle fluids, and cerebrospinal fluid may all be considered for virus detection in appropriate clinical settings. In addition, acute and convalescent sera should always be stored to retrospectively identify an antibody response to the newly detected virus. Discovery of a novel virus in specimens does not necessarily mean causality, but the detection of an increasing antibody response in temporal relation to the illness is good evidence in support of an infectious role for the novel agent, especially in situations where Koch postulates cannot be fulfilled.

Freshly collected specimens must be properly labeled and speedily transported to the laboratory in leak-proof containers holding virus transport medium. Preliminary processing includes inoculation of the specimen into cell cultures and nucleic acid extraction. Clinical material may also be inoculated into embryonated eggs or suckling mice, depending on availability. The specimen may be filtered and centrifuged before RNA and DNA extraction to remove as much cell and bacterial debris as possible. The specimens should be refrigerated at −80°C with cryopreservative if any delay in processing is anticipated. However, when facing a novel virus with unknown stability outside living systems, such delays may adversely affect recovery and should be avoided as far as possible.

While subjecting clinical specimens to tests for novel virus detection, it is important to concomitantly undertake exhaustive specific assays for known bacterial, viral, fungal, and parasitic pathogens that could also account for the clinical scenario. The detection of a known pathogen not only has a significant impact on patient management, but also weakens the etiological link between the disease syndrome and any new virus that may be discovered. However, the detection of a known agent may not necessarily exclude the necessity of searching for a new virus, especially if the patient shows clinical features that are atypical. Polymicrobial or coinfections are always possible; this is especially true of bacterial respiratory tract infections, which are often preceded or accompanied by viral infections.[@bib7]

Discovery of coronavirus HKU1 was performed as follows. An elderly patient presented with acute community-acquired pneumonia. Chest radiography showed patchy infiltrates over the left lower zone. Blood and sputum cultures were negative for recognized bacterial pathogens. Immunofluorescence staining of nasopharyngeal aspirates tested negative for influenza, parainfluenza, respiratory syncytial virus, and adenovirus. RT-PCR results for SARS-CoV, rhinovirus, and metapneumovirus were negative as well. The patient did not mount an antibody response against *Legionella pneumophila*, *Mycoplasma pneumoniae*, or *Chlamydia* species. A novel agent was suspected, and the patient\'s nasopharyngeal aspirate was subjected to consensus primer RT-PCR for the coronavirus *pol* gene, which revealed a compatible gene product consistent with a novel coronavirus on sequencing.[@bib8]

Laboratory Tests for Detecting New Viruses {#sec2.3}
------------------------------------------

Before embarking on investigations to detect the novel virus, the safety of laboratory workers should be carefully considered. When dealing with novel viruses that cause severe clinical infection, laboratory acquisition of infection is a concern. The severity of the patients\' clinical manifestation and suspected route of transmission serves as a guide to the level of physical containment required.

Each virus detection method has relative merits and demerits ([Table 1](#tbl1){ref-type="table"} ). These must be carefully considered before the method is selected, especially when specimen quantity is limited.Table 1Merits and Demerits of Virus Detection StrategiesDetection methodMeritsDemeritsCulture Inoculation of clinical specimens into the following: cell lines, organ cultures, embryonated eggs, and small mammalsIsolation of viable virus and provides information on cell tropism and pathogenesis of novel virusAvailable cell lines may not be susceptible to novel virus, time consuming in outbreak settings, adaptation of novel virus to culture environment to produce quasispecies that may have different characteristics to the virus *in vivo*Electron microscopyUnbiased screening method and morphological appearance can guide choice of consensus PCR primersPoor sensitivity and labor intensiveDNA microarraysParallel comparison of novel viral sequence to sequences from many virus familiesNon-specific hybridization and divergent novel viruses may be missedSequence-dependent amplification using degenerate primers, consensus primers, and consensus-degenerate hybrid oligonucleotide primersFast, suitable screening method for outbreak settingsDivergent novel viruses may be missed and challenging primer designSequence-independent amplification using DNase-SISPA, VIDISCA, and random primer PCRNo prior knowledge of viral genome required and convenient and efficient detection of viral genomes in combination with high-throughput sequencingEffect of exonuclease pretreatment on recovery of fragile enveloped viruses uncertain, unique virus sequences may still be missed, and expensive, not readily available in resource-limited settings

### Virus Culture {#sec2.3.1}

The culture of novel viruses should always be attempted; this is the only means to obtain viable virus for enabling study of phenotypic and growth characteristics of the novel agent while also facilitating the design of diagnostic assays, animal models, and vaccines. Despite its advantages, virus culture often entails a hit-and-miss approach, because the growth requirements of the novel virus are unknown. It must also be remembered that the culture technique may select out quasispecies of the novel virus that are most adapted to the culture medium used, especially on repeated passage, as exemplified by the case of influenza virus. Such culture adaptation may result in different receptor specificity and growth characteristics to the virus *in vivo*.[@bib9]

The culture of novel viruses can be attempted using cell line, organ culture, small mammal, or embryonated egg inoculation.

### Cell Culture {#sec2.3.2}

Although the clinical syndrome may guide the choice of cell line for inoculation, the specimen should be inoculated into as wide range of cell lines as possible. This proved to be the case with SARS-CoV when initial culture in conventional cell lines, such as Madin Darby canine kidney, LLC-Mk2, HEp-2, MRC-5, and RDE cells, proved unsuccessful, only for the virus to produce cytopathic effect (CPE) within 2 to 4 days of inoculation in fetal rhesus kidney cells.[@bib5]

However, even if a susceptible cell line with appropriate receptors and coreceptors for the virus is fortuitously chosen, the isolation of a novel virus may still be limited by numerous other physicochemical factors.[@bib10] Viable virus may fail to bind to cell surface receptors *in vitro* due to suboptimal electrostatic interactions between the virus and cell surface. This may be overcome by pretreatment of the inoculum with cationic liposomes and polymers, such as diethylaminoethyl-dextran, polybrene, and poly-[l]{.smallcaps}-lysine. This has been shown to boost infectivity, CPE, and viral plaque sizes.[@bib11], [@bib12] This enhancement may occur by reducing the electrostatic repulsion between the virus particle and cell surface and by increasing the sedimentation rate of flocculated virus particles onto the cell surface.

Gradient density ultracentrifugation can be used to reduce impurities in clinical specimens and culture suspensions before inoculation or passage into cell lines. Sucrose gradients are most commonly used and are suitable for enveloped viruses. Cesium chloride gradients are easier to prepare, but generally require longer centrifugation times and are unsuitable for enveloped viruses. Iodixanol density gradients offer the advantage of being isosmotic and noncytotoxic to cell lines, thereby preserving the infectivity of fragile enveloped viruses.[@bib13]

Trypsinization of the medium should always be considered. Trypsin treated with protease inhibitor tosyl phenylalanyl chloromethyl ketone results in proteolytic cleavage and activation of virus surface glycoproteins, which is a prerequisite for cell binding and fusion for some RNA viruses and dramatically increases their infectivity *in vitro*. The biological niche of the novel virus must always be considered in deciding additives to culture media. For example, replication of porcine calicivirus associated with epidemic diarrhea (in pigs) is increased in the presence of intestinal fluid filtrate and bile acids.[@bib14]

Low-speed centrifugation of infected cells at 1000 to 2000 × *g* in shell vials before incubation has been established to increase the recovery of many viruses that may be slow growing in conventional culture.[@bib10] Cultures are usually maintained at 35°C to 37°C, but incubation at lower temperatures may be rewarding if the natural site of infection is at a cooler area, such as the upper respiratory tract, as is the case with rhinoviruses.

### Culture in Embryonated Eggs {#sec2.3.3}

Embryonated eggs may be used concomitantly with cell cultures. Because the cellular tropism of the putative novel virus is uncertain, inoculation into the amniotic cavity is always advisable because this route offers a greater variety of tissue types for virus propagation due to direct ingestion and inhalation by the chick embryo. Ten- to eleven-day-old embryos are commonly used for this purpose. If novel poxviruses are suspected, inoculation into the chorioallantoic membrane will enable detection of pocks. Novel viruses isolated by these techniques may then be adapted to grow in the allantoic entoderm to increase yield for further study.

### Culture in Small Mammals {#sec2.3.4}

If a small mammal facility is available, inoculation of newborn suckling mice with suspensions of novel virus should also be considered. The animals should be observed for clinical symptoms over a fixed period of time. After sacrifice, harvested tissues are subjected to histological/electron microscopy (EM) examination or nucleic acid amplification/detection strategies. Homogenized organ tissues containing amplified novel virus may also be used for cell line inoculation or further passage in suckling mice after freeze thawing. Small mammal inoculation enables the study of the clinical and histological effects of experimental inoculation in a healthy living organism. Furthermore, tissue suspensions from inoculated mice provide a source of whole virus or virus antigen for many applications, such as designing serological assays. Finally, successful virus passage in laboratory animals demonstrates that the novel virus produces transmissible infection in an experimental host and forms the basis for developing animal models of the novel virus infection. Intracerebral, intraperitoneal, subcutaneous, and intranasal routes of suckling mice inoculation may all be used.

Inoculated cell cultures, embryonated eggs, or suckling mice should be monitored daily for evidence of CPE or disease, as appropriate ([Figure 2](#fig2){ref-type="fig"} A). Cell or tissue lysates should be subjected to blind passage in the absence of CPE. EM and nucleic acid detection should be performed on cell lysates to look for evidence of the novel virus.Figure 2Methods of virus detection applied to novel coronavirus discovery. **A:** Vero kidney epithelial cells infected by Middle East respiratory syndrome--coronavirus (MERS-CoV) showing cytopathic effect in the form of cell shrinkage and syncytium formation. **B:** Electron micrograph of severe acute respiratory syndrome coronavirus (SARS-CoV) showing characteristic enveloped virus particles with protruding spikes. **C:** Gel electrophoresis image of DNA amplified by coronavirus *pol* gene-derived consensus primer RT-PCR. Lane 1, bacteriophage ΦX174 DNA HaeIII digest marker; 2, negative sample; 3, negative control; 4, positive control; 5, nasopharyngeal aspirate sample with human coronavirus HKU1. **D:** Phylogenetic analysis of selected human and animal coronaviruses on the basis of the *pol* gene by the neighbor joining method. Lineage A betacoronavirus (A), lineage B betacoronavirus (B), and lineage C betacoronavirus (C).

### Electron Microscopy {#sec2.3.5}

EM offers an unbiased method for visualization of virus-like particles in clinical specimens, cell culture fluid, and tissue sections ([Figure 2](#fig2){ref-type="fig"}B). Yield is not affected by the viability of the virus, and detection is possible as long as the virus is present in sufficient concentrations in the specimen. However, this method lacks sensitivity, especially when used directly on clinical specimens, because successful visualization requires a virus concentration of 10^5^ to 10^6^ particles/mL of specimen. Such concentrations are found in few clinical specimens other than stool; however, the high viral loads in sera of hepatitis B, ebola, early phase of parvovirus B19 virus infections and vesicular fluid containing poxvirus and herpes viruses are notable exceptions. Therefore, EM is more commonly used for visualization of putative novel viruses producing CPE in culture systems and facilitating choice of consensus primers on the basis of morphological appearance.

There are several methods that may improve the sensitivity of EM screening. Some form of specimen concentration (eg, ultracentrifugation, ultrafiltration, or agar diffusion) before EM screening is recommended. Glow discharging to render grid carbon support films hydrophilic for improved adsorption of biological material is widely available. Another useful technique for virus concentration is immunoelectron microscopy, in which clinical specimens suspected to harbor a novel virus are incubated with the patient\'s convalescent serum before visualization. Demonstration of aggregation of virus-like particles after treatment with convalescent sera was critical for the discovery of hepatitis A, hepatitis E, and diarrheal viruses.[@bib5], [@bib15], [@bib16] The advantages of immunoelectron microscopy are twofold---through aggregation, it enables the identification of small particles with indistinct surface features as viruses; by comparison of virus-like particle--antibody coating density between acute and convalescent sera, seroconversion can be indirectly demonstrated. This provides support for a specific host response to the agent, thus strengthening the causative link between the new virus and the disease syndrome.

### Nucleic Acid Detection {#sec2.3.6}

Sensitive methods for the amplification, detection, sequencing, and analysis of viral nucleic acids have revolutionized the process of virus discovery ([Table 2](#tbl2){ref-type="table"} ). When faced with a multitude of methods and protocols, it is important for investigators to ask themselves whether the suspected novel virus belongs to a known virus family or, alternatively, represents the first member of a distinct taxonomic archipelago. This can be inferred with varying degrees of certainty from factors such as the clinical disease syndrome, culture isolation pattern, and EM appearance (if available). Such information guides the choice of method for the detection of novel viral nucleic acid when no knowledge of the novel viral sequence is available. One distinct advantage of direct sequencing from clinical specimens is the avoidance of virus mutations, which is inevitable during adaptation of the virus in cell culture systems.Table 2Examples of Novel Human and Animal Viruses Discovered by Various Nucleic Acid Detection StrategiesDiscovery methodHuman virusesAnimal virusesVirus discovery microarraysNovel human cardiovirus[@bib17]Beluga whale coronavirus[@bib18]Sequence-dependent amplification techniquesCoronavirus HKU1,[@bib7] Bundibugyo ebola virus,[@bib19] novel Hanta virus,[@bib20] TTV-like minivirus,[@bib21] and rhinovirus C[@bib22]Bat sapovirus[@bib23]; bovine astrovirus[@bib24]; avian, bat, camel, rabbit, and dolphin coronaviruses[@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31]; canine and murine noroviruses[@bib32], [@bib33]; porcine, bat, feline, and murine paramyxoviruses[@bib34], [@bib35], [@bib36], [@bib37]; feline, canine, bat, and avian picornaviruses[@bib38], [@bib39], [@bib40], [@bib41]; feline and canine bocavirus[@bib42]; and porcine and bovine parvovirus[@bib43]Sequence-independent amplification techniques Representational difference analysis/digital transcriptome subtractionHuman herpesvirus 8,[@bib4] Torque teno virus,[@bib44] and Merkel cell polyomavirus[@bib2]Chimpanzee GB virus[@bib45] Virus discovery cDNA amplified fragment-length polymorphism, with or without high-throughput sequencingNovel genotype of torque teno minivirus,[@bib46] novel parechovirus,[@bib47] and novel HIV-1 variant[@bib48]Novel bat parvoviruses[@bib49] DNase sequence-independent single-primer amplificationNovel picornavirus,[@bib50] novel parvovirus,[@bib51] and novel adenovirus genotype[@bib52]Bovine parvoviruses[@bib53] Unbiased high-throughput sequencing of random primer PCR amplification productsTransplant-associated arenavirus,[@bib54] Cosavirus, Klassevirus/Salivirus,[@bib55], [@bib56] novel human bocavirus,[@bib57] novel picobirnavirus,[@bib58] Saffold virus,[@bib59] New Jersey polyomavirus,[@bib60] novel astrovirus,[@bib61] and novel papillomavirus[@bib62]Novel bat papillomavirus[@bib63] and camel hepatitis E virus genotype[@bib64]

Methods to Identify Novel Viruses Suspected to Belong to a Known Family {#sec2.4}
-----------------------------------------------------------------------

### Hybridization-Based Assays and Microarrays {#sec2.4.1}

An early example of this method was the discovery of human papillomavirus 16 DNA in cervical cancer specimens,[@bib65] which was achieved by the demonstration of novel papillomaviral DNA in cancer specimens by using human papillomavirus 11 probe hybridization under low-stringency conditions. Specific probes developed using the novel DNA were found to hybridize with cervical cancer DNA from several patients, even under high-stringency conditions.

Probe hybridization using panviral DNA microarrays that incorporate many 70-mer oligonucleotides derived from highly conserved sequences of several pathogenic virus families can enable virus discovery.[@bib17], [@bib18] The long probes hybridize to novel viral sequences even if sequence complementarity is less than perfect. Novel viruses that are related to represented viruses may produce a unique hybridization pattern, despite not being explicitly represented in the microarray. This provides an efficient, unbiased, massively parallel screening strategy for viral nucleic acid in clinical specimens after amplification by random PCR. However, the use of long-nucleotide probes in virus discovery arrays increases the risk of hybridization with non-specific random PCR products. Microarray analysis was used in parallel with consensus primer amplification-sequencing by a group of investigators to identify coronavirus sequences in patients with SARS.[@bib66]

### Amplification-Based Assays {#sec2.4.2}

If the novel virus is strongly suspected to be a member of a known group of viruses, then pools of degenerate primers that encompass all possible nucleotide differences in a given sequence may be used to amplify gene segments in the clinical specimen or infected cell culture extract. Such degenerate primers are derived from amino acid motifs of highly conserved proteins of the virus group of interest. Conserved blocks (usually pentapeptides) are selected from the amino acid sequences of these proteins that preferably contain amino acids encoded by fewer codons (eg, methionine) so as to limit the level of degeneracy of the primer pool to \<128-fold. A higher degeneracy would lead to a decrease in sensitivity of the assay. Degeneracy at the 3′ end of the primer should be especially avoided because this compromises primer extension.

An alternative approach is to derive consensus primers directly from the nucleotide sequences of conserved proteins of a particular virus family. Consensus primer PCR uses primer pairs constituted from the most common nucleotide variant at each position of the primer sequence and relies on the ability of this primer pair to amplify closely related target DNA. However, the sensitivity of this approach is entirely dependent on the degree of complementarity of the target DNA sequence to the consensus primers. Consensus primers derived by multiple alignment of known coronavirus *pol* gene nucleotide sequences enabled the discovery of human coronavirus HKU1 and several other novel animal coronaviruses[@bib8], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31] ([Figure 2](#fig2){ref-type="fig"}, C and D).

A different strategy combining the strengths of degenerate and consensus primers is the use of consensus-degenerate hybrid oligonucleotide primers (CODEHOPs).[@bib67] CODEHOPs contain a degenerate 3′ core region and a conserved 5′ clamp sequence. The limited level of degeneracy in the 3′ core maintains the relative lack of bias of degenerate primers, whereas the conserved 5′ clamp sequence stabilizes hybridization of the 3′ core and allows higher annealing temperatures. Interactive software programs for designing CODEHOPs are now available.[@bib68]

A recent approach to the discovery of novel equine hepaciviruses is selection of horse serum specimens that are immunoreactive to highly conserved hepacivirus antigens using a luciferase immunoprecipitation assay.[@bib69] Positive sera were then tested with hepacivirus consensus primers, followed by sequencing of amplification products. When a large specimen pool is available, this approach enables efficient selection of specimens for screening by consensus primer PCR or high-throughput sequencing. However, antibody responses are often associated with decreasing viral loads for many acute viral infections. Therefore, this strategy could lack sensitivity for the discovery of novel viruses that do not establish chronicity.

Methods to Identify Novel Viruses of Unknown Sequence Suspected to Belong to a New Taxon {#sec2.5}
----------------------------------------------------------------------------------------

The utility of consensus primer PCR is limited if the sequence of the novel virus is highly divergent from that of known virus families. This scenario requires unbiased screening of the specimen for viral nucleic acid. However, the quantity of putative viral nucleic acid is usually scarce compared to host DNA, making such screening a tedious exercise. Overcoming this obstacle generally requires targeted amplification of nucleic acid extracted from nuclease-pretreated specimens, followed by selective detection and sequencing of viral nucleic acid.

### Generation and Analysis of cDNA Libraries {#sec2.5.1}

The discovery of the hepatitis C virus is an early example of amplification and selective detection of viral nucleic acid.[@bib70] cDNA phage libraries obtained from infected chimpanzees were screened for a clone that failed to hybridize with human or chimpanzee DNA, but hybridized selectively with nucleic acid from infected liver tissues. Analysis of these cDNA clones enabled the design of specific primers and serological assays that could be used to directly screen for hepatitis C infection in different patient populations. This technique is time consuming and labor intensive. It also relies on the amplification of the virus in a biological system, which is unlikely to be available for most novel viral infections.

### Representational Difference Analysis {#sec2.5.2}

Representational difference analysis was first developed for defining the difference between tester DNA, believed to contain the target nucleic acid, and driver DNA, which represents the wild type.[@bib71] Oligonucleotide adaptor ligation and adaptor-specific PCR amplify both cDNA populations. Hybridization of tester with adaptor-ligated driver DNA follows. Sequences common to both populations are subtracted while adaptor-specific primers amplify sequences unique to the tester population for subsequent sequencing. The discovery of human herpesvirus 8 and TT virus was made using this method.[@bib4], [@bib44] However, this method is laborious. Furthermore, obtaining noninfected tissue for driver amplicon extraction from the same patient is often not possible.

### Digital Transcriptome Subtraction {#sec2.5.3}

The availability of high-quality human genome sequences enables subtraction of high-fidelity sequences derived from serial analysis of gene expression libraries to be performed in silico by comparison with reference human sequence databases. Developed for the purpose of screening for viral nucleic acid in tumor tissues, this method has been used for the discovery of polyomavirus sequences in patients with Merkel cell carcinoma.[@bib2]

### SISPA {#sec2.5.4}

DNase-sequence--independent single-primer amplification (SISPA) is based on the nonselective amplification of template DNA by a single primer.[@bib53] The filtered specimen is pretreated with DNase to selectively degrade host DNA (capsid-associated viral DNA is relatively protected from enzymatic degradation) before nucleic acid extraction. Extracted cDNA is then digested with a restriction enzyme (eg, CspI). DNA fragments are ligated to primer-binding oligonucleotide adaptors. Amplification is performed using a single primer specific to the adaptor sequence. Analysis of the SISPA products is achieved by gel electrophoresis, followed by sequencing of bands of interest. This method has proved useful for the discovery of novel viruses from human specimens.[@bib50], [@bib51] DNase SISPA was also used to characterize a novel adenovirus genotype isolated from patients in an outbreak of gastroenteritis.[@bib52]

### VIDISCA {#sec2.5.5}

Virus discovery cDNA amplified fragment length polymorphism (VIDISCA) was originally described for the detection of polymorphisms in a DNA population.[@bib72] As in SISPA, specimens are treated with DNase to degrade host genomic DNA before nucleic acid extraction. Extracted cDNA is digested and ligated to anchor sequences at restriction sites. Two rounds of PCR amplification then follow: the first round uses primers that anneal to the anchor sequences; the second round uses identical primers as the first round, extended by one nucleotide at the 3′ end, outside the anchor sequence and within the putative viral nucleic acid. Because the additional nucleotide may be any one of the nucleotides (A, T, G, or C), it provides 16 possible primer combinations for analysis of the infected material. The PCR products are analyzed by gel electrophoresis to identify unique bands in infected material, which are sequenced. VIDISCA was used to characterize a novel HIV-1 subtype and a torque teno virus variant.[@bib46], [@bib48] The VIDISCA procedure has been combined with next-generation sequencing (VIDISCA 454) for the analysis of PCR products and has been applied to tissue, serum, stool, respiratory samples, and cell culture specimens. A procedure for pretreatment of respiratory and stool specimens with convalescent serum for further enrichment of virus particles before VIDISCA 454 amplification and sequencing has been described.[@bib73]

### RCA {#sec2.5.6}

Rolling circle amplification (RCA) protocols for the detection of novel viruses use multiple random hexamer primers that bind to different points of the circular genome. Most RCA applications use phi29 DNA polymerase, which possesses strand displacement and 3′ to 5′ exonuclease activities, to produce linear concatamerized double-stranded DNA copies of the novel viral genome. PCR products are then digested with a restriction enzyme that is likely to only have a single recognition site in the viral genome, which is then followed by gel electrophoresis, sequencing, and phylogenetic analysis. This method has been used for the discovery of several novel viruses that possess a circular DNA genome, such as papillomaviruses, polyomaviruses, and anneloviruses.[@bib74], [@bib75]

### Random Primer PCR and High-Throughput Sequencing {#sec2.5.7}

Random primer PCR and high-throughput sequencing have gained popularity among investigators undertaking metagenomic analysis of specimens from patients with viral infection syndromes of unknown etiology. The specimen is pretreated with DNase. Extracted cDNA is then used as a template for amplification using random primers. The amplification products are separated by gel electrophoresis. Unique fragments not found in controls are sequenced and analyzed. Random primer PCR and high-throughput sequencing have facilitated the discovery of human bocavirus, SARS-CoV, novel picobirnavirus, arenavirus, and picornaviruses.[@bib5], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58]

Unbiased high-throughput sequencing of randomly amplified DNA is a powerful method for identification of novel pathogens and has been used for the identification of several novel viruses using a metagenomic approach.[@bib54], [@bib55], [@bib56], [@bib57], [@bib58], [@bib59], [@bib60], [@bib61], [@bib62], [@bib63], [@bib64] The reads generated by high-throughput sequencing are trimmed to remove primer, eukaryotic, bacterial, and highly repetitive sequences. They are then assembled to form nucleotide sequences from which amino acid sequences can be inferred. Bioinformatic analysis then follows to assess for homology with known viral nucleotide and protein sequences and even *de novo* virus genome assembly. These sequences are then used to design specific PCR primers that enable subsequent case finding and further genomic characterization. With increasingly sophisticated automation and software support, unbiased high-throughput sequencing of randomly amplified PCR products from pretreated clinical specimens is likely to be an increasingly important method for novel virus screening in clinical specimens and environmental samples. However when compared with other nucleic acid amplification approaches, most of the discovered viruses using the DNase-SISPA approach are nonenveloped virus ([Table 2](#tbl2){ref-type="table"}),[@bib50], [@bib51], [@bib52], [@bib53] because the presequencing enrichment step may damage the delicate virus envelope.

Conclusions: Beyond Virus Discovery {#sec3}
===================================

Virus discovery is the first step in a long process of establishing a clinical association and a causative link between the virus and the disease entity, which rely on case-control studies and demonstration of seroconversion in patients and infected animals. Demonstration of viral antigen and nucleic acid in tissue specimens using immunohistochemical stains and specific primers for the novel agent serves as another link in the chain of causation. Causation is definitively established by the fulfillment of traditional Koch postulates in animal models, if available. Once causation is established, the newly found phenotypic and genotypic characteristics of the novel virus enable the development of diagnostic tests, vaccines, and specific antiviral therapy. In addition, the origins of the novel virus may be inferred by field studies of vectors and nonhuman hosts, as in the case of SARS-CoV. Even when the novel virus cannot be conclusively associated with human disease at the time of discovery, the availability of its genetic sequences in public databases is important because the novel virus or a close relative may evolve into an emerging human infection in the future. Rapid recognition of new diseases is possible with pre-existing knowledge of the virus, as illustrated by the relationship between Middle East respiratory syndrome coronavirus and the previously identified bat coronaviruses HKU4 and HKU5.[@bib27] The discovery of novel viruses continues to play an important role in the control of infectious diseases.

With the established trend of increasing technological sophistication involved in uncovering novel viruses, virus discovery sometimes falls outside the capabilities of clinical virology laboratories and requires facilities in research or reference laboratories. Increasingly, discovery requires a collaborative effort from various parties (ie, frontline clinicians, clinical virologists, laboratory technicians, and basic scientists). Such collaborations will increasingly become multinational because clinical specimens from novel disease outbreaks in resource-poor settings can be rapidly transported to overseas laboratories for timely virus discovery using a battery of methods that are not available in the field.

The detection of novel viruses cannot depend on any one method. Rather, discovery often relies on a combination of methods after taking into account the merits and demerits of each method. The exact combination will depend on specific circumstances, as was the case with SARS-CoV. Although culture-, EM-, and consensus primer PCR-based methods will continue to play important roles, molecular methods based on unbiased next-generation sequencing offer unique opportunities for efficient and systematic virus discovery.
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